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Cobalt aluminate (CoAl,04) nanopowders were synthesized by reverse microemulsion process using
cyclohexane, a nonionic surfactant, and aqueous solutions of cobalt (I) nitrate hexahydrate and aluminum
nitrate nonahydrate. The influence of water to surfactant molar ratio on the size of powders has been
studied. The X-ray diffraction analysis shows that the powders calcined at 1000 °C have single phase
cubic spinel structure. The average size of the particles increases with increasing water to surfactant
molar ratio. The mean diameter of the particles varies between 42 and 57 nm. The Fourier transform
infrared spectra also confirm the formation of CoAl,04. Magnetization study reveals that the CoAl,04
sample exhibits superparamagnetic behavior.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The synthesis of nano-crystalline spinel has been investi-
gated intensively due to the unique potential applications of
nano-crystalline spinels in high density magnetic recording and
microwave devices, magnetic fluids, and also as an absorbent mate-
rial to remove sulfide gases from hot-coal gas [1,2]. Spinel-type
pigments are commonly used for decorating porcelain and other
ceramic products. The spinels are complex oxides and represented
by the general formula of A2*B3*Q,. If the bivalent metal is cobalt
with a small amount of magnesium, and the trivalent metal is alu-
minum, then the resulting pigments form blue to sky-blue color
range [3]. The common methods reported for the synthesis of cobalt
aluminate are sol-gel [4], EDTA chelating precursor [5], combus-
tion [6,7], polymerized complex [8], glycine chelated precursor [9],
hydrothermal [10], molten salt [11], polymer aerosol pyrolysis [12],
and reverse micelle processes [13,14]. Recently, Yu et al. [15] have
reported the synthesis of nanosized CoAl,04 spinel powders by
using the sol-gel and sol-gel hydrothermal methods. The sol-gel
precursor after calcination at 1000 °C for 2 h showed the formation
of large and agglomerated CoAl,04 spinel powders of particle size,
100-200 nm. Whereas nanosized CoAl,04 powders (50-60nm)
were obtained at 250 °C for 24 h by using sol-gel hydrothermal pro-
cessing. Gama et al. [16] have reported that the Pechini method
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is an appropriate method for the synthesis of CoAl,04, NiAl,O4
and ZnAl,04 nanocrystals. Mindru et al. [17] have reported the
synthesis of cobalt-aluminate spinel by the two variants of com-
plexation method: tartarate and gluconate routes. It was found that
the presence of tetrahedral coordinated Co2* ion is responsible for
the blue bright color. Although, the nanosized spinels of MAI;04
(M =Co, Ni, Cu) were prepared by an emulsion templated hydroly-
sis of alkoxides, some improvement or optimization of parameter
is still required to control the particle size. Moreover, to the best of
our knowledge, none of these works have been devoted to the mag-
netic properties of CoAl,04 nanopowders prepared by the reverse
micelle process. The aim of the present work is to prepare CoAl;04
nanopowders and study their structural and magnetic properties.
A tertiary reverse microemulsion system was used to synthesize
these nanocrystals. The influence of water to surfactant ratio on the
particle size has been studied, since it plays a vital role in controlling
the droplet size and hence the size of the crystal. Also, readily avail-
able, inexpensive and easy handling precursors have been used in
the present study and that eliminates the extra handling require-
ments associated with the moisture sensitive precursors.

2. Experimental procedures

Fig. 1 shows the flowchart for the preparation of CoAl,04 nanopowders by
reverse micelle process. Cobalt (II) nitrate hexahydrate (Co(NOs3 );-6H,0), aluminum
nitrate nonahydrate (Al(NOs);-9H,0) were used as the precursors of cobalt oxide
and alumina, respectively. An aqueous solution of the precursors was prepared by
dissolving cobalt (II) nitrate hexahydrate (0.1 M) and aluminum nitrate nonahy-
drate (0.2 M) in distilled water to a molar ratio of 1:2. Cyclohexane (Sigma Aldrich)
was used as the solvent. Reverse microemulsion was prepared by mixing 40 mL of
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Fig. 1. Flowchart for the preparation of CoAl,04 powders by reverse micelle pro-
cessing.

nonionic surfactant (poly(oxyethylene) nonylphenyl ether, Igepal CO-520, Aldrich,
USA), 100 ml of cyclohexane and 6-13.2 ml of mixed aqueous solution (Co:Al=1:2).
The microemulsion was stirred vigorously, and after 5 min of equilibration, 3-6 ml
of NH4OH (28%) (Dae Jung chemicals, Korea) was injected into the microemulsion.
The microemulsion was then centrifuged to extract the particles, and the parti-
cles were subsequently washed using ethanol to remove any residual surfactant.
The thermal characteristics of the powders were determined by thermogravimetry
(TG) and differential thermal analysis (DTA) techniques (SCINCO, STA 1500). The
phase identification of calcined powders was carried out by X-ray diffractometer
(Philips X’pert MPD 3040). The particle size of the calcined powders was analyzed
using Transmission electron microscope (TEM) operating at an accelerating volt-
age of 200kV (JEOL, JEM 2100F). The average size of the particles was estimated
from the TEM micrographs using standard software (IMAGE ]). The Fourier trans-
form infrared spectra (FTIR) of the samples were obtained using Nicolet Impact 410
DSP spectrophotometer by the KBr pellet method. The magnetic measurements of
the samples were performed on a PPMS-physical property measurement system
(Quantum Design, Inc.).

3. Results and discussion

The thermo-chemical behavior of dried CoAl,04 powder is
shown in Fig. 2. There are three distinct regions in the TG curve.
The initial weight loss in the region RT-200°C corresponds to the
volatilization of organic substances, or moisture existing in the pre-
cipitated powders. In the temperature region between 200 and
400°C, the weight loss is caused by the decomposition of organic
compounds [14]. The third weight loss occurring over a broad range
of temperature is attributed to the pyrolytic elimination of residual
hydroxyl groups, etc. [14]. After 1000 °C, the weight of the sample is
constant, which indicates the completion of decomposition and the
formation of CoAl, 04 crystals. The thermal decomposition behavior
isassociated with the endothermic and exothermic effects. The first
weight loss due to the removal of adsorbed water is indicated by a
small endothermic peak around 50 °C in the DTA curve. An exother-
mic peak at 260 °C in the DTA curve is due to the decomposition of
residual surfactant.

The XRD patterns of the powders calcined at 1000 °C are shown
in Fig. 3. Extremely broad peaks are observed and those indicate
the presence of very fine particles. The observed diffraction peaks
correspond to the standard patterns of CoAl,04 spinel (ICSD 01-
082-2251). No other crystalline phases are found in the calcined
samples. The broadening of XRD peaks increases as the water to
surfactant ratio is decreased for the preparation of powder. The
crystallite size of powders obtained using different water to sur-
factant ratio is given in Table 1. The average crystallite size of the
powders increases as the water to surfactant ratio (R) is increased
from 4 to 8 during the preparation of powder.

Fig. 2. DTA and TGA of as-synthesized powders.

Fig. 3. X-ray diffraction patterns of powders calcined at 1000 °C.
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Table 1
Crystallite size, particle size and saturation magnetization of CoAl,O4.
Water to surfactant  Crystallite size  Particle size Saturation
molar ratio (XRD) (nm) (TEM) (nm) magnetization (Ms)
(emu/g)
4 26 35 0.028
6 32 40 0.086
8 35 57 0.23

Fig. 4 shows the TEM micrographs of powders synthesized using
various R values and calcined at 1000°C. It can be seen that the
nanoparticles are nearly spherical with narrow particle size distri-
bution. The average particle size of calcined powder increases from
42 to 57 nm as the R value increases from 4 to 8. The nucleation
and growth are controlled by interaction between micelles, phase
behavior and solubility, average occupancy of the reacting species
in the aqueous medium, dynamic behavior of the reverse micellar
solution and so on [18]. Munshi et al. [19] have reported that the
size of the particles formed in the reverse micelles is larger than
the hydrodynamic size of the reverse micellar droplets in which
the particles are formed. This is known to be due to the partial
cluster formation of the micellar droplets, which is affected by
temperature and micellar size. Moreover, by increasing the water
to surfactant ratio, one would expect that the nanoparticles size
should increase. Therefore, by changing these parameters, the size
of nanoparticles has been controlled [20]. The average particle size
obtained from TEM technique is larger than that observed from X-
ray line broadening technique. It may be due to the formation of
agglomerates.

Fig. 5 shows the FTIR spectra of the dried powder synthesized
using the R value of 4 and the corresponding calcined powder. The
band at 3470 cm~! in the dried powder is attributed to the stretch-
ing vibrations of the hydrogen-bonded OH groups. The absorption
band at 2964 cm~! is related to C-H stretching vibration from the
organic compounds. The absorption band in the region 2100 cm™~!
indicates the presence of hydrogen-bonded OH [21]. The charac-
teristics stretching bands between 1590 and 1720cm~! are due
to —COOH stretching vibrations [22,23]. The v3 mode of the CO32~
anion appeared around 1384 cm~! [24]. However, the bands due to

Fig. 5. FTIR analysis of CoAl,04 powder prepared using R=4: (a) dried; (b) calcined
at 1000°C.

the stretch vibrations of NO3 ~ are evident at 1245 cm~1[25,26]. The
absorption band at 1097 cm~! is probably due to CH-OH stretching
vibration [22]. The visible bands over the range of 1000-400 cm™!
correspond to metal-oxygen bonds (Co-O and Al-O stretching)
vibrations for the spinel structure compound. The presence of -OH
group in the calcined samples is possibly due to moisture absorp-
tion. New bands at 662, 550 and 499 cm~! of the calcined powders
indicate the formation of metal oxide, and that is already confirmed
by XRD (Fig. 2).

Fig. 6 shows magnetization (M) versus applied magnetic field
(H) at room temperature for the samples made with powders syn-
thesized using different water to surfactant ratio. The absence of
hysteresis loop, remanence and coercivity at 300K on all samples
are indicative of the presence of superparamagnetic and single
domain crystals [27]. The superparamagnetic behavior at room
temperature means that the thermal energy can overcome the

Fig. 4. TEM micrographs of powders calcined at 1000°C: (a) R=4; (b) R=6; (c) R=8.
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Fig. 6. M-H curves for CoAl,04 samples at room temperature (a) R=4; (b) R=6; (c¢)
R=8.

anisotropy energy barrier of a single particle, and the net mag-
netization of the particles in the absence of an external field
is zero [28]. The deduced value of saturation magnetization is
given in Table 1. The M; values of samples are 0.028, 0.086 and
0.23 emu/g, when the powders are synthesized with R values of 4,

6 and 8, respectively. The saturation magnetization increases with
increase in particle size. Surface effect can lead to reduced mag-
netization in small ferrite particles. This reduction is associated
with different mechanisms, such as the existence of a magneti-
cally dead layer on the particles surface, the existence of canted
spin or the existence of a spin glass like behavior of the surface
spins [29]. Another surface-driven effect is the enhancement of the
magnetic anisotropy (K.¢) with decreasing particle size [30,31].
In addition to the surface effect, the order-disorder characteris-
tic of the samples has also a strong influence on the decrease
of saturation magnetization [32]. For the samples prepared using
powders synthesized with the water to surfactant ratio of 8, the
superparamagnetic behavior is characterized by higher saturation
magnetization (Ms). The relatively higher saturation value may be
due to the fact that the anisotropic features of these nanocrystals
have enhanced dipole-dipole interaction, favoring a head-to-tail
orientation [33].

4. Conclusions

Single phase cobalt aluminate (CoAl,04) nanopowders can be
prepared using the precipitation of hydroxides and their oxidation
from the reverse microemulsions of the aqueous solution. The size
of the nanoparticles can be controlled by the concentration of the
reactants in the aqueous solutions of the microemulsions. The par-
ticle size increases with the increasing water to surfactant ratio.
The specific magnetization, which depends mainly on the particle
size, ranged from 0.028 emu g~ for the particles of approximately
35nm in size, to 0.23emug-! for the particles of approximately
57 nm in size.
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